Abstract -The Earth's plasmasphere contributes essentially to total electron content (TEC) measurements from ground or satellite platforms. Furthermore, as an integral part of space weather, associated plasmaspheric phenomena must be addressed in conjunction with ionosphere weather monitoring by operational space weather services. For supporting space weather services and mitigation of propagation errors in Global Navigation Satellite Systems (GNSS) applications we have developed the empirical Neustrelitz plasmasphere model (NPSM). The model consists of an upper L shell dependent part and a lower altitude dependent part, both described by specific exponential decays. Here the McIllwain parameter L defines the geomagnetic field lines in a centered dipole model for the geomagnetic field. The coefficients of the developed approaches are successfully fitted to numerous electron density data derived from dual frequency GPS measurements on-board the CHAMP satellite mission from 2000 to 2005. The data are utilized for fitting up to the L shell L = 3 because a previous validation has shown a good agreement with IMAGE/RPI measurements up to this value. Using the solar radio flux index F10.7 as the only external parameter, the operation of the model is robust, with 40 coefficients fast and sufficiently accurate to be used as a background model for estimating TEC or electron density profiles in near real time GNSS applications and services. In addition to this, the model approach is sensitive to ionospheric coupling resulting in anomalies such as the Nighttime Winter Anomaly and the related Mid-Summer Nighttime Anomaly and even shows a slight plasmasphere compression of the dayside plasmasphere due to solar wind pressure. Modelled electron density and TEC values agree with estimates reported in the literature in similar cases.
Introduction
After developing a series of empirical models which describe the temporal and spatial structure of key observables of the ionosphere/plasmasphere systems such as the total electron content (TEC), the ionospheric peak electron density NmF2 and its peak height hmF2 (Jakowski et al., 2011a; Hoque & Jakowski, 2011; 2012) we have developed an empirical model of the electron density distribution in the plasmasphere. The plasmasphere is the upward extension of the ionosphere co-rotating with the Earth up to the plasmapause height at about 3-5 Earth radii R E (e.g. Lemaire & Gringauz, 1998; Darrouzet et al., 2009) . Since the plasma consists mainly of cool H þ ions and electrons in the region above the transition height at around 1000 km where the number of oxygen ions equalizes the number of protons, this region is also called protonosphere. The plasmasphere is an integral part of the Earth's space weather system and reacts very sensitive to solar storms via close coupling with the magnetosphere and ionosphere (e.g. Lemaire & Gringauz, 1998; Förster & Jakowski, 1988 , 2000 Jakowski et al., 2007) . Hence, to fully understand the behaviour of the geo-plasma under different solar and geophysical conditions, the plasmasphere is a challenging research target that has been addressed by many researchers over the last decades. Besides the development of a variety of remote sensing methods, considerable progress has been achieved in theoretical and empirical modelling (e.g. Gallagher et al., 1988; Lunt et al., 1999b; Webb & Essex, 2004; Huang et al., 2004; Pierrard et al., 2009; Reinisch et al., 2009; Pierrard & Voiculescu, 2011) to better understand internal plasma processes as well as coupling processes with the magnetosphere and ionosphere. Nevertheless, there remain many open questions concerning in particular plasma interaction with the magnetosphere, the formation of the plasmapause and coupling processes with the ionosphere in particular during space weather events. To better understand plasmaspheric dynamics, e.g. depletion and subsequent refilling of the plasmasphere in the course of geomagnetic storms lasting several days (e.g. Kersley & Klobuchar, 1978 , 1980 , systematic studies including experimental observations and theoretical analysis are needed. Coupling processes between ionosphere and plasmasphere e.g. concerning the thermal structure of the plasmasphere or upward and downward plasma transport are essential to understand ionospheric phenomena. Focusing on Beacon and GNSS measurements, ionospheric phenomena such as nighttime enhancements (e.g. Jakowski et al., 1991) , the Weddell Sea anomaly (WSA) as described in several papers (e. g. Horvath & Essex, 2003; He et al., 2009 ) and the Nighttime Winter Anomaly (NWA) first described by Jakowski et al. (1981 Jakowski et al. ( , 1986 Jakowski et al. ( , 2015 are mentioned here.
Besides whistler and in situ measurements on board satellites, radio sounding of the plasmasphere by using coherent dual frequency measurements has been carried out since many years. Thus, the plasmaspheric content could be estimated by comparing differential Doppler and Faraday rotation beacon measurements at signals from geostationary satellites already in the 70s and 80s (e.g. Davies et al., 1976 Davies et al., , 1977 Kersley & Klobuchar, 1978 , 1980 Jakowski & Kugland, 1982) . Nowadays, measurements of the TEC either on ground or on board Low Earth Orbit (LEO) satellites by utilizing dual frequency signals from GPS satellites at about 20200 km orbit height provide essential information on the ionosphere/plasmasphere systems (e.g. Lunt et al., 1999a; Heise et al., 2002; Mazella et al., 2002; Belehaki et al., 2004; Jakowski, 2005; Yizengaw et al., 2008; Mazella, 2009; Lee et al., 2013; Klimenko et al., 2015; Chen & Yao, 2015) . Although an increasing number of LEO satellites will be available in the near future being able to receive also signals from other Global Navigation Satellite Systems (GNSS) like GLONASS, Galileo or Beidou, data gaps will occur because operational services rely only on fresh data with low latency. To get a full picture despite challenging operational requirements, data gaps may be filled by model data or by assimilating all available data into a background model. Thus, dual frequency GPS data received on board the LEO satellite CHAMP for navigation has been assimilated into an ionosphere-plasmasphere background model . The inversion of the TEC data provides a 3D electron density distribution in the vicinity of the CHAMP satellite in a volume that is spanned by all radio links from the LEO satellite to all receivable GPS satellites. After collecting data from a full satellite revolution within about 90 min and assimilation into the background model (Daniell et al., 1995) a complete image of the geo-plasma in the orbit plane from LEO satellite height up to GPS orbit height can be reconstructed as can be seen as a typical sample in Figure 1 (upper left panel). The obtained results indicate several processes such as compression and depletion of the plasmasphere during storms and plasma outflow at high latitudes . The results are consistent with associated radio occultation and ground based measurements. Ground based TEC data may be impacted by the plasmasphere from about 10% up to more than 50% at night (e.g. Lunt et al., 1999b; Chen & Yao, 2015; Klimenko et al., 2015) . Thus, in particular at night the often used thin layer approach for mapping measured slant to vertical TEC may cause considerable mapping errors which are related to an erroneous bias estimation for TEC measurements (Mazella et al., 2002 , Mazella, 2009 or to inaccurate range error estimates in positioning. Thus, special care was taken to address the plasmasphere contribution in the Galileo ionospheric correction model NeQuick (e.g. Cueto et al., 2007) .
Another mapping error may occur when considering the direction of measured radio links between receiver and GNSS transmitters. This effect is illustrated in Figure 1 where two different data sets have been used to create TEC maps over the Southern part of Europe. One data set considers only measurements looking northward in the azimuth range ±60°(NL), the other looking southward in the azimuth range 120-240°as illustrated in the upper left panel. As the geometry of the radio links clearly shows, the SL links penetrate the plasmasphere much deeper than the NL measurements do. The underlying geo plasma distribution is a typical sample derived from CHAMP reconstructions . As a consequence, the associated TEC maps look quite different as seen in the lower panel. The difference of the created maps is shown on the right side in the upper panel. Since the plasmaspheric contribution of up to more than 10 TEC units (1 TECU = 10 16 m
À2
) cannot be ignored, the knowledge of the plasmaspheric electron content effect on GNSS signal needs to be considered, especially around solar cycle minimum and at night.
At present days numerous satellites carrying a GNSS receiver on board for navigation purposes can be used for retrieving vertical electron density profiles by means of radio occultation measurements and for imaging the 3D electron density distribution of the topside ionosphere/plasmasphere (TIP) (e.g. Heise et al., 2002; Jakowski et al., 2002a; Chen & Yao, 2015; Klimenko et al., 2015) . In case of orbit heights of less than 500 km the plasmasphere content should be included in an appropriate way. Thus, Jakowski et al. (2002a, b) have used a simple TIP model assuming exponential decay with height.
Nowadays the 3 satellites of the ESA satellite mission SWARM can effectively be used to monitor space weather and associated TIP electron density variations (e.g. Stolle et al., 2013) . Assimilation of thousands of link related TEC data require a fast and robust background model to respond properly to dynamic processes in the plasmasphere. Based on the experience of fast and robust models developed in recent years for the ionospheric key parameters TEC, NmF2 and hmF2 (Jakowski et al., 2011a; Hoque & Jakowski, 2011 , 2012 and their effective use (e.g. Jakowski et al., 2011b) we have started developing a fast and robust plasmasphere model suitable in operational services. After describing the data base in Section 2 in more detail we will present the model algorithm in Section 3 and subsequently discuss modelling results in relation to some ionospheric /plasmaspheric phenomena.
Data base
The data base consists of topside reconstructions of the electron density using data from the CHAMP satellite mission in the years 2000-2005. The German CHAMP (CHAllenging Minisatellite Payload) satellite has been launched on 15 July 2000 into a near-Earth polar orbit (inclination 87°) with an initial altitude of 450 km (e.g. Reigber et al., 1996) . CHAMP was equipped with dual-frequency GPS receivers for radio occultation measurements and for navigation purposes, in particular for precise orbit determination enabling the computation of the integrated electron density (TEC) along the ray paths between GPS satellites in view and CHAMP . The number of ray paths between GPS satellites and CHAMP during one orbital revolution was up to 4000 which were non-uniformly distributed according to the visibility of GPS satellites. Therefore, to obtain a complete electron density distribution in the CHAMP satellite orbit plane, TEC data obtained along the different radio links were assimilated into a background model (Parameterized Ionospheric Model; Daniell et al., 1995) . The assimilation resulted in a 3D reconstruction of the electron density for each CHAMP revolution close to the CHAMP orbit plane. Considering the revolution time of about 93 min, 15-16 reconstructions have been obtained per day. Starting from 2000, DLR Neustrelitz has collected more than 30 000 electron density reconstructions of the TIP. A typical TIP reconstruction can be seen in Figure 1 (top left) to illustrate the contribution of the plasmasphere in ground based GNSS measurements. The global view on the Earth's plasma environment up to GPS orbit heights illustrates the high potential for studying magnetospheric-ionospheric coupling processes (e.g. Jakowski et al., 2007) .
Validation of the electron density reconstructions was made using in-situ plasma density measurements of the Planar Langmuir Probe installed on board CHAMP and incoherent scatter measurements at different sites. Compared with the Langmuir Probe data, the assimilation results have practically no bias and agree quite well within a standard deviation of 2 Â 10 11 m À3 . These data sets form the basis for comparative and validation studies e.g. with topside data from IRI-2007 and other models . A previous validation of these GNSS derived plasmasphere data from CHAMP with plasmasphere density profile data from the IMAGE/RPI measurements have shown a good agreement up to about L = 3 (Gerzen et al., 2015) .
The solar activity level is approximated by the solar radio flux index F10.7 measured in solar flux units (1sfu = 10 À22 Wm À2 Hz
À1
).
Modelling approach
Our plasmasphere model approach consists of two parts, a high altitude part where plasmaspheric processes related to plasmapause and magnetosphere dominate and a lower part where ionospheric coupling is taken into account. The electron density distribution in the high altitude plasmasphere is closely related to geomagnetic field lines which can be considered in a first order approach as isolines of the electron density. Therefore, the high altitude modelling approach refers to the McIllwain parameter L. The basic assumption follows a simplifying exponential decay of the electron density in the geomagnetic equatorial plane as a function of L (e.g. Carpenter & Anderson, 1992; Lemaire & Gringauz, 1998) as represented by:
N ePL1 means here formally the electron density at the Earth surface at L = 1, H PL is the corresponding plasma scale height.
To keep the plasmasphere model as simple as possible, we define (1) as the basic approach for the upper part of the model. For the lower part the electron density is also described by an exponential decay but as a function of height h as already utilized in former approaches (Jakowski et al., 2002a,b) :
N ePh0 means here formally the electron density at the Earth surface at h = 0, H Ph is the corresponding plasma scale height. Principally, the lower boundary of the plasmasphere is fixed at 1000 km height that corresponds approximately to the transition height h T where
. This is a pragmatic approach, allowing an easy use of the model in operational applications. Finally the electron density N eP of the plasmasphere is given by the sum of the electron densities of both parts.
3.1 High altitude part of the plasmasphere model as a function of L
The relationship between L, the height h above the Earth surface and the geomagnetic latitude f m is given by:
To extract plasmasphere information from TIP reconstructions based on CHAMP data we assume a lower limit of altitude L min = 1.5 to avoid overlapping in the lower plasmasphere with ionosphere controlled densities. The upper limit is formally given by L ≈ 3 according to the results of a comparative study of CHAMP topside reconstructions with IMAGE data (Gerzen et al., 2015) . Thus, for the high altitude part model coefficients are derived from CHAMP data obtained in the range 1.5 L 3. Plasmaspheric densities at higher L shells than L = 3 are extrapolated based on formula approaches derived for L in the range 1.5 L 3. Principally, the upper boundary is defined by the height of the plasmapause that may vary as a function of space weather conditions (Menk et al., 2014) . In this preliminary model the plasmapause position L pp is fixed at L pp = 5 assuming geomagnetically quiet conditions. Following equation (4) we get for the radial distance of the plasmapause R PP in the equatorial plane:
Assuming that the plasmapause maps down to the ionosphere along the field line and the plasmapause may reduce to L pp = 3 or even less, we model the high altitude plasmasphere part between geomagnetic latitudes ±20°at the Northern and Southern hemispheres. Taking into account these input data restrictions we have derived the key parameters N ePL1 and H PL in equation (1) from CHAMP reconstruction data. As Figure 2 shows, scale height H PL and base density N ePL1 can be derived from the slope and crossing values at L = 1, respectively of the fitted curve.
The modelling approach for N ePL1 follows successful approaches used in TEC, NmF2 and hmF2 modelling (Jakowski et al., 2011a; Hoque & Jakowski, 2011 , 2012 . So the base density N ePL1 is defined by the product of F i terms:
½in units of 10 12 electrons=m 3 ð6Þ
Here the local time (LT) dependency of F NL 1 is modeled by:
Where the diurnal variation (DV), the semi-diurnal variation (SDV) and the ter-diurnal variation (TDV) which is used later are defined by:
The solar zenith angle (x) dependency from the declination of the sun (d) and the geographic latitude (f) is considered by the following expressions following Jakowski et al. (2011a) .
P F1 is a fixed parameter. The annual/semiannual variation (AV/SAV) F NL 2 is defined by:
with AV ¼ doy 365:25 ⋅2p and SAV ¼ doy 365:25 ⋅4p ð13Þ
Finally, the dependence from solar activity approximated by F10.7 is considered by F 3 NL according to:
Using this approach the fitting is quite successful as the upper panel in Figure 3 shows. For the plasmaspheric scale height H PL we apply a similar approach for the diurnal and seasonal variation and dependence from solar activity ignoring the dependence from geomagnetic latitude via
The local time variation term F HL 1 is defined by: Finally, the dependence from solar activity is again approximated by F10.7:
After fitting these approaches to the CHAMP based TIP reconstructions we obtain the coefficients c 1 ...c 20 for modeling the L shell depending base density N ePL1 and plasma scale height H PL . A few results are shown in Figure 3 , lower panel.
It is interesting to note that the seasonal, diurnal and solar activity dependencies of N ePL1 and H PL are practically in antiphase. This behavior reduces the related variability of the electron density but indicates a change of the vertical plasma distribution as will be discussed in the subsequent section in more detail.
As mentioned before, the derived plasma scale height parameter H PL is assumed to be constant up to the plasmapause height at L PP . To describe the drop of electron density at the plasmapause up to about two orders of magnitude in the equatorial plane we use a dimensionless factor F PP that depends only on height h and the selected plasmapause height L PP or R PP defined by equation (5).
For this study L PP is fixed at L PP = 5 and R E = 6371 km. The L PP value is planned to be determined later by a plasmapause model that is currently under development. Since this simplification has no big effect on the electron content (<1 TECU) the presented model can already be used in GNSS applications where the bias estimates might have bigger errors.
Defining F PP by:
we get for the L shell dependence of the electron density from (1):
where N eMS is the electron density outside the plasmapause in the magnetosphere assumed to be fixed at 1 Â 10 7 m À3 . As in case of fixed L pp definition this value has no practical consequences in GNSS applications.
Modelling the plasmasphere below about 2000 km as a function of height h
Now we describe the lower part of the plasmasphere model at altitudes 2000 km in the equatorial plane. Because this altitude range is expected to be impacted by ionospheric coupling the modelling approach is now based on height dependence.
Concerning the local time variation of the ionosphere we include here also the ter-diurnal variation in (8). To keep the number of coefficients small we have fixed the phases based on given optimization. So we get for the local time variation where the modified diurnal, semi-diurnal and ter-diurnal variations DVm, SDVm and TDVm are defined in analogue form as in (8) but include fixed phases not specified here.
The annual and semiannual variation in (12) and (13) are also modified by fixed phases leading to the expression for F 
Else as in case of the upper part model, here we model the geomagnetic dependency of N ePh0 by the expression:
Since the north-and southward crests are explicitly visible due to ionosphere coupling they are considered by Jakowski et al. (2011a) via the approach:
The coefficients c 28 and c 29 take into account the hemispherical asymmetry that has been shown in many observations (e.g. Denton et al., 1999) . A comparison of c 28 and c 29 can provide such information. The locations f c1 and f c2 of the crests as well as the half widths s c1 and s c2 have been iteratively optimized.
As before, the solar activity dependence follows a linear approach with F10.7. 
Selected results of fitting this approach to CHAMP based reconstructions at altitudes between 600 and 2000 km height depending on the latitude are shown in Figure 4 . Because the data stem from the Northern and Southern hemispheres, the averaged N ePh0 is practically constant over the year, indicating a small minimum in Northern summer and a maximum in Northern winter. Diurnal, latitudinal and solar activity dependencies behave as expected, closely related to the solar illumination and activity. It is interesting to note that the diurnal maximum appears already in the early morning hours just after sunrise and before 10 LT. This is probably a result of an enhanced uplifting of atomic oxygen ions in the early morning hours between 4 and 8 LT.
The latitudinal variation slightly indicates the crest regions at both sides of the geomagnetic equator at around 20°. The model approach follows all these variations.
To complete the model we have still to consider the plasma scale height H Ph whose modeling approach follows the same guidelines as considered before according to: with modified values for the diurnal, semi-diurnal and terdiurnal variations by including fixed phases that have been iteratively optimized. The annual/semiannual variation is defined in the same way as in (23) 
The dependency on the geomagnetic latitude is defined by:
Again, the dependence form the solar activity follows the same linear approach as used in previous cases:
Selected results of the data fitting to this modeling approach are shown in Figure 5 . It is interesting to note that the scale height has a clear maximum in Northern summer indicating a certain asymmetry of the plasmasphere when comparing the Northern and Southern hemispheres. The plasmaspheric scale height shows a minimum in the early morning hours just after sunrise and before 10 LT exactly in antiphase with N eP0 followed by a maximum in the afternoon at about 15-16 LT. This behavior nicely demonstrates the filling process of the plasmasphere from below starting with high N ePh0 and low scale heights. In the course of the day the filling process leads to growing scale heights and the maintenance of a high N ePh0 level as seen in Figure 4 . The scale height dependence from the geomagnetic latitude has a clear maximum at the geomagnetic equator that can easily be explained by the equatorial anomaly mechanism that describes a strong uplifting at the geomagnetic equator to form the Northern and Southern crests. The two secondary maxima at around ±60°N geomagnetic latitude indicate another plasma filling mechanism that will be discussed in Section 4 in more detail. The anticorrelation of the scale height with solar activity is unexpected because the plasma temperature increases with growing solar activity. To explain the anticorrelation it is assumed that dynamic plasma filling processes from below dominate over equilibrium conditions that would result in a positive correlation of H Ph and F10.7. The model approach follows all observed variations.
Results and discussion
According to (3) the total electron density N eP is defined by the sum of the high altitude L shell depending part and the lower height depending part of the plasmaspheric model from 1000 km upward according to N eP = N ePh þ N ePL .
Some results concerning the diurnal variation of the plasmaspheric electron content derived from the full model at low and high solar activity conditions are shown for the starting heights 1000 and 2000 km in Figures 6-8 . As mentioned before, we consider the 1000 km height as the fixed plasmasphere base level. The vertical integration of the electron density from 1000 km upward provides an electron content that we specify here as plasmasphere electron content (PEC). In addition we have selected the 2000 km height level because former Faraday rotation measurements at linearly polarized VHF signals transmitted from geostationary satellites can be considered to measure TEC up to about 2000 km height. Due to this fact a comparison with simultaneous modulation phase delay measurements enabled the estimate of the plasmaspheric content above 2000 km height already in the 70s and 80s (e.g. Davies et al., 1977; Kersley & Klobuchar, 1978 , 1980 Jakowski & Kugland, 1982) . Considering the permanent slant ray path geometry to geostationary satellites from mid-latitude stations, the estimate of a few TECU is in general agreement with averaged results presented in Figures 6-8 . When using early beacon measurements of Navy Navigation Satellite System (NNSS) satellites at orbit heights of about 1000 km for a comparison with modulation phase delay measurements at geostationary satellites and later with GPS measurements, a direct estimate of PEC has been made in several beacon studies (e.g. Davies et al., 1977; Ciraolo & Spalla, 1997; Lunt et al., 1999a) . The PEC values shown in Figure 8 agree quite well with former estimations of plasmaspheric TEC reported in the beacon literature and also with more recent estimates (e.g. Mazella et al., 2002; Huang et al., 2004; Chen & Yao, 2015; Klimenko et al., 2015) .
Compared with the ionosphere the diurnal variation of TEC in the plasmasphere is rather low. Nevertheless, there is a rapid increase in the morning hours just after sunrise up to about 10 LT. Subsequently, the reached TEC level decreases slowly at lower latitudes whereas with increasing latitude the diurnal variation follows more and more the ionospheric LT dependence. It should be mentioned that the daily minimum of TEC just before sunrise is rather stable at the same geomagnetic latitude and independent from solar activity whereas the diurnal maximum increases slightly with solar activity in particular when we consider the 1000 km base level. Due to the low sensitivity to solar activity changes and delayed response via coupling processes it is recommended to run the model with an average value of F10.7 (e.g. monthly average) instead of the actual F10.7 index. Summarizing, it can be concluded that the model provides TEC estimates which are in principal agreement with the current knowledge of the plasmaspheric electron content behavior.
Since the lower part of the plasmasphere below about 2000 km height contributes significantly more to the PEC than the upper part, we will discuss these input data for the model in more detail. The overall fitting of the model coefficients for N ePh0 is shown in Figure 9 including a separate data set for nighttime conditions. It can be seen that for the entire data set the geomagnetic dependence of N ePh0 is practically symmetric at both sides of the geomagnetic equator as it has been shown already in Figure 4 . Here we see that this conclusion is also valid for nighttime conditions at a lower level of N ePh0 . The crests are somewhat pronounced at around ±20°geomagnetic latitude, i.e. slightly poleward shifted when referring to their location at about ±15°in the ionosphere. A light shoulder is indicated at around ±60°. More pronounced maxima have been discussed for H Ph in the previous section when describing Figure 5 . Although this dependency is rather small, the model approach follows these variations with geomagnetic latitude.
To explain this shoulder in N ePh0 in Figure 9 and the appearance of secondary maxima of H Ph in Figure 5 at about 60°we assume an enhanced filling of the plasmasphere from ionospheric heights. Such a mechanism has been recently described by Jakowski et al. (2015) to explain some ionospheric anomalies such as the NWA discovered by Jakowski et al. (1981) and the midsummer nighttime anomaly (MSNA) as described by Lin et al. (2010) . Specific forms of the MSNA are the WSA and the Ochotsk Sea Anomaly (OSA) (e.g. Horvath & Essex, 2003; Natali & Meza, 2013; Meza et al., 2015) . Following this argumentation it is supposed that in particular equatorward blowing meridional winds in the summer hemisphere lift up ionospheric plasma very effectively at such longitude sectors where geographic latitudes significantly exceed geomagnetic latitudes. Due to the tilted geomagnetic dipole this appears in particular at the American sector in the southern hemisphere and at the Asian sector in the Northern hemisphere. Whereas at daytime the plasma escapes towards plasmaspheric heights it returns in the evening hours and creates a diurnal ionization maximum observable in the WSA and OSA at the local ionosphere. Due to the enhanced plasma pressure in the field tubes a part of the uplifted plasma is able to cross the equator along the field lines and feed the nighttime winter ionosphere, thus creating the NWA effect that is clearly visible at low solar activity (LSA) conditions (Jakowski et al., 1981; Jakowski & Förster, 1995; Natali & Meza, 2013; Jakowski et al., 2015) at the American (NorthAmerica) and Asian (Australia) sectors. This process is confirmed by CHAMP measurements used for our model approach as seen in Figure 10 . Both upper panels represent conditions as discussed above suited to observe the MSNA in the southern hemisphere at the American sector (WSA) and in the northern hemisphere at the Asian sector (OSA). In the conjugated winter hemispheres one should observe the NWA effect under LSA conditions. The upper plots are characterized by a strong asymmetry of the N ePh0 behavior concerning the geomagnetic latitude. The summer hemispheres show much higher N ePh0 values than the corresponding winter hemispheres thus supporting strong plasma uplifting. The asymmetry disappears half a year later (cf. both lower panels) indicating that the strong uplifting mechanism in the summer hemispheres at North America and over Australia does not work due to opposite different geomagnetic À geographic relationships (here geomagnetic latitudes exceed corresponding geographic latitudes). Both findings further support the mechanism suggested by Jakowski et al. to explain the NWA (Jakowski et al., 1981; Förster & Jakowski, 1988; Jakowski & Förster, 1995) and associated with this, also the MSNA . Since the modelling approach follows the input data quite well, it can be stated that the Neustrelitz plasmasphere model (NPSM) includes the NWA and MSNA phenomena such as the WSA and OSA to a certain degree.
The model provides a three dimensional distribution of the electron density on global scale. An impression of the height dependence of the electron density distribution provided by the two model parts is shown in Figure 11 . The semi-logarithmic plots of the electron density as a function of height at different latitudes along the 0°E meridian indicate both parts by different scale heights expressed by two straight lines with Fig. 11 . Semi-logarithmic plots of the height dependence of the electron density at different latitudes under low and high solar activity (LSA and HSA, respectively) conditions. Dotted black line corresponds with the scale height of the lower part H Ph ; the blue line corresponds with the scale height of the upper part H PL ; the red line is the sum of both contributions. different slopes (the dotted black line for H Ph , the full blue line for H PL ). In addition to this also the plasmapause is indicated by a rapid fall of the electron density to the constant outside level of 1 Â 10 7 m À3 . At geomagnetic latitudes of about 60°the plasmapause maps down to the ionosphere thus contributing to the establishment of the mid-latitude trough. At low latitudes the plasmapause at L pp = 5 is outside the figure. Since the electron density distributions provided by both model parts are simply added to form the total electron density of the entire model, this might lead to problems due to overlapping. As can be seen in the mid and lower panels, the transition region between both model approaches is rather small, i.e. both parts are practically decoupled because of quite different scale heights.
The electron density distribution as a function of height can also be presented as a function of L shells as shown in Figure 12 . The plots illustrate the basic idea that the electron density in the upper part is L shell dependent considering the L shells as isolines whereas it is height dependent in the lower part. Coming closer to the Earth, dynamic coupling processes with the ionosphere have to be taken into account as has been discussed already and the radial height dependence becomes more and more important as can be seen at lower L shells with increasing geomagnetic latitudes. It should be mentioned that the electron density distribution shown in Figure 12 is very similar to those derived from IMAGE satellite data published by Huang et al. (2004) thus confirming our results. This finding agrees very well with the results of a comparative study of CHAMP based TIP electron density reconstructions with IMAGE data by Gerzen et al. (2015) . It was shown that both data sources are similar at L shells less than 3. Thus, the similarity of modeling results presented in Figure 12 with IMAGE data is consistent with results of the comparative study. The asymmetry of both hemispheres is due to the seasonal variation showing higher electron density values in summer than in winter (e.g. Chen & Yao, 2015) and also can be seen in Figures 8 and 10 .
Let's check now whether the solar wind induced plasmaspheric compression at the dayside as it can be seen in Figure 1 (upper panel, left side) is also visible in the model. Since the compression is more pronounced at higher L-shells, we cannot expect too much in this respect because the model coefficients are derived from data at L shells 3. Nevertheless, as seen in Figure 13 , the effect is somewhat visible because the nighttime values at 12 000 km height reach almost the daytime values although the base densities at 1000 km height are lower than at daytime. This behavior indicates a daytime compression of the plasmasphere at higher L-shells. This is in principal agreement with the high N ePL1 values before midnight and the scale height maximum after midnight as shown in Figure 3 .
To get a better visual impression of the general behavior of the geo-plasma environment from the base level at 1000 km upward, Figure 14 shows the electron density distribution in a meridional plane along 110°/290°E that is in general comparable with the CHAMP data based reconstruction shown at the left side. Although less pronounced we see also a slight day-night asymmetry in the NPSM data at the GPS orbit height. Both plots differ in the base level. Electron density reconstructions from CHAMP data start at the satellite orbit height at around 400 km whereas the NPSM base level is fixed at 1000 km height.
Summary and conclusions
For better estimating the plasmasphere electron content in operational space weather monitoring and ionospheric corrections of ground based GNSS measurements we have developed an empirical model of the plasmasphere called NPSM. The empirical model provides electron densities from 1000 km height up to GNSS orbit heights. The developed model algorithm is part of a family of empirical models describing key observables of the ionosphere such as TEC, NmF2 and hmF2 using only the solar radio flux index F10.7 as external input parameter. As required for the other models developed in DLR, NPSM shall provide a robust, fast and sufficiently accurate approach of the plasmaspheric electron density to be used as background model for fast reconstructions of the electron density or TEC in near real time GNSS application and services. Considering the family of these models, NPSM is an important step on the way forward to develop a global 3D model suitable in particular for operational space weather services and GNSS applications. The current model approach utilizes electron density reconstructions of the TIP systems derived from dual frequency GPS navigation measurements on board CHAMP from 2000 to 2005 that includes the maximum of solar cycle 23. These data have been shown to agree quite well with plasmaspheric densities derived from IMAGE/RPI data at L shells 3. Hence, the fitting of the model algorithm is constrained up to L = 3 as an upper boundary. The basic model algorithm consists of two exponential decay functions for the electron density; the upper one depending on L-shell values in the geomagnetic equatorial plane, the lower one, altitude depending due to non-negligible ionosphere coupling. To reach GNSS orbit heights at about 20 200 km height we extrapolate the exponential decay derived for the L-shell dependent upper part of the model in the L shell range 1.5 L 3 up to a fixed plasmapause at L PP = 5. Due to the strong coupling with the ionosphere the lower part of the model starting at 1000 km height follows an altitude dependence as being typical for the ionosphere. Both submodels are fitted independently using the CHAMP data base. Since both sub models are practically decoupled because of quite different scale heights, the electron densities of both parts are simply added. Although being aware that the lower boundary of the plasmasphere is defined by the so-called transition region from a physical point of view we have fixed the lower boundary at 1000 km height in a pragmatic way to keep the algorithm simple. Otherwise one would have to take into account the variability of the transition region that varies around 1000 km height as a result of close coupling with the ionosphere. Considering the limited input data base and the fixed plasmapause position there is still some potential to improve the model output, e.g. by updating the coefficients when using an extended data base and/or by adding a plasmapause model. Nevertheless, we have shown that the presented model approach is able to represent some interesting well known features of the ionosphere/plasmasphere systems. This is the capability to take into account even some features characterizing strong ionospheric coupling resulting in ionospheric anomalies such as the NWA and in conjunction with this also the Weddell Sea and the Ochotsk Sea Anomaly. The model is also able to consider the solar wind induced compression of the plasmasphere. It is evident that the characterisation of this asymmetry will be improved when using data from higher L-shells for the determination of coefficients. The model can further be improved and validated by utilizing GNSS measurements on board current and upcoming satellite missions such as GRACE, SWARM or COSMIC 2.
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